Collisional pumping has been proposed as a mechanism for producing polarized ion beams more intense by orders of magnitude than those from the best existing sources. One implementation of this method employs a very thick electron-spin-polarized alkali-vapor target in a low magnetic field, and is characterized by a predicted 100% spin-transfer efficiency from the target to the beam. Target characteristics and design constraints are discussed.
Introduction
The use of an electron-spin-polarized alkalivapor target for the production of polarized Hbeams, an idea first proposed by Haeberli [1] , and further developed by Anderson [2] , is gaining wide acceptance in the particle-accelerator community. Polarized ion sources based on this method (identified by the acroynm OPPIS, for opticallypumped, polarized ion source) are in operation at KEK [3] , at an advanced stage of development at TRIUMF [4, 5] , and about to be developed for LAMPF. Central to the development of such a source is the production of a highly polarized alkali-vapor target by optical pumping. As a result of the need for such a target much work is also curently under way to understand target relaxation mechanisms [6] , and to improve the efficiency and yield from the optical pumping process [7] .
The above authors, together with L.W. Anderson , have recently proposed a new method for the production of polarized ion beams which we called collisional pumping [8, 9] . This method will require alkali-vapor targets two or three orders of magnitude thicker than presently produced, but offers the promise of producing intense highly polarized beams. At ampere intensities such beams could be used as enhanced-yield fuel for nuclearfusion reactor [10, 11] .
Physical Principles
The physical principle behind collisional pumping as it applies in an alkali vapor target is illustrated in Fig. 1 thinner polarizing targets and less optical pumping power, this method has some defficiencies. Two of these are characteristic of the reaction physics. For atoms with nuclear spin greater than 1/2 (e.g. deuterium), the upper limit on achievable nuclear polarization will be much less than the initial atomic polarization.
In addition, the atomicpolarization transfer from the target to the beam is less than 100%; as noted earlier, only 41% in the low-magnetic-field limit. This polarization loss can, however, be reduced significantly with a magnetic field which is much higher than would otherwise be required for implementation of the method [113] .
The engineering constraints imposed by the high magnetic field requirement extend to the ion source, which must produce the ion beam in the same high magnetic field to avoid significant degradation in beam emittance [14] . Finally, a relatively high vacuum must be maintained between the ion source and the polarized target, because any neutralization upstream of the polarized target will reduce the final polarization proportionately. Fig. 2 [15] .
An average of two interaction cycles for hydrogen are required to pump the nuclear polarization up to the electron polarization of the target. Deuterium, with a nulear spin of 1, requires an average of three cycles. Because of the sequential nature of the process, however, an asymptotic approach to the maximum polarization requires a target thickness of about 10 mean free paths. As can be seen in Fig. 2 , the optimum beam energy in sodium is about 2.5 keV/u. The achievable polarization for thi's beam energy as a function of target thickness is shown in Fig. 3 Table 1 Target-dimension constraints imposed by collisional pumping, and related parameters (for 2. 
52.9 9.1 a) Minimum mean time to allow complete hyperfine mixing. b) Hyperfine-frequency-limited target density. c) Target thickness for 95% polarization (see text).
Magnetic Field
The target magnetic field must be sufficiently large to establish the magnetic axis, but small enough that the low-field hyperfine eigenstates that give the spin mixing necessary for collisional pumping are not significantly perturbed. Table 1 shows the target thickness required to pump the nuclear-spin polarization up to 95% of the electron-spin polarization of the target.
This thickness, X95(B), is tabulated as a function of the external magnetic field, B. As can be seen from the tabulated data, the required target thickness does not change very rapidly at low B, but increases dramatically, when B exceeds Bc.
Laser Power
As a consequence of the low magnetic field, there will also be mixing between the atomic and nuclear spins of the sodium-vapor target.
The optical pumping will therefore also pump the nuclear spin, and produce a target with both nuclear and atomic spins aligned. There is no benefit derived from aligned sodium nuclei, but the cost is a factor of three increase in laser intensity over that needed for high-field pumping. Each target atom pumped requires, on the average, angular-momentum transfer from two polarized photons. Assuming a target of thickness 3 x 1016 cm'2 and 100% efficiency for absorption of the laser light, then only 20 mJ/cm2 of laser power at the sodium-D-line wavelength would be required for pumping the target. This light energy must, however, be delivered in a time short compared to the spin relaxation time of the target.
At the target densities contemplated here, the principal mechanism for target depolarization is expected to be angularmomentum transfer in wall collisions [5] .
The TRIUMF group using wall coatings recommended by Anderson [6] , has been able to achieve relaxation times as long as 200 xs, corresponding to the preservation of target--atom polarization though more than 10 wall collisions. Assuming this relaxation time, a laser power density of at least 300 W/cm2 will be required to maintain the target at 95% polarization.
Losses associated with radiation trapping and saturation effects in a thick target have yet to be investigated. CW 
